phosphorylation. Overall, the results provide evidence that the mTORC1 and JNK signaling pathways coordinate the site-specific phosphorylation of p70S6K1. They also identify a novel role for mTORC1 and mTORC2 in the inhibition of JNK.
sites, it surprisingly enhanced phosphorylation of these sites during serum deprivation. JNK inhibition with SP600125 attenuated phosphorylation of the Thr 421 /Ser 424 sites, and in combination with TORIN2 both the effect of IGF-I and the enhanced Thr 421 /Ser 424 phosphorylation during serum deprivation were ablated. In contrast, both JNK activation with anisomycin and knockdown of the mTORC2 subunit rictor specifically stimulated phosphorylation of the Thr 421 /Ser 424 sites, suggesting that mTORC2 represses JNK-mediated phosphorylation of these sites. The role of JNK in mediating p70S6K1 phosphorylation was confirmed in the animal model noted above, where rats treated with SP600125 exhibited attenuated Thr 421 /Ser 424 phosphorylation. Overall, the results provide evidence that the mTORC1 and JNK signaling pathways coordinate the site-specific phosphorylation of p70S6K1. They also identify a novel role for mTORC1 and mTORC2 in the inhibition of JNK.
MAPK signaling; muscle hypertrophy; tenotomy RESISTANCE EXERCISE IS a growth-promoting stimulus that leads to enhanced muscle fiber size and hypertrophy of mammalian skeletal muscle (6, 7, 17) . The hypertrophic response results from stimulation of various pro-growth signaling pathways coupled with enhanced rates of protein synthesis (6, 7, 17, 18) . One of the major signaling pathways essential in the hypertrophic growth response, is the serine/threonine kinase mechanistic target of rapamycin (mTOR) (15) . This kinase functions in two distinct multi-protein complexes: mTOR in complex 1 (mTORC1), which contains the regulatory associated protein of mTOR (raptor) and proline-rich Akt substrate of 40 kDa (PRAS40); and mTOR in complex 2 (mTORC2), which contains rapamycin-insensitive companion of mTOR (rictor) and stress-activated MAP kinase-interacting protein-1 (Sin1) (15) . Activation of mTORC1 enables the kinase to phosphorylate its well-established and characterized downstream effector the 70-kDa ribosomal protein S6 kinase (p70S6K1), which plays a vital role in the regulation of mRNA translation, cellular proliferation/growth, and muscle hypertrophy (11, 13, 16, 29, 33) .
The kinase p70S6K1 regulates cell and organismal growth (28, 33) through phosphorylation of substrates that promote protein synthesis. While ribosomal protein S6 (rpS6) represents the most extensively studied substrate of p70S6K1, the kinase also phosphorylates eukaryotic initiation factor 4B, programed cell death protein-4, eukaryotic elongation factor 2 kinase, insulin receptor substrate 1, and rictor (8, 11, 14, 23, 26) . Mice lacking p70S6K1 are smaller at birth and exhibit impaired growth, such that adults are significantly smaller than their wild-type littermates (36) . Furthermore, Drosophila deficient in the S6 kinase gene present with delays in development and a reduction in body size due to reduced cell size compared with their wild-type counterparts (29) . Thus, the coordinate activation of p70S6K1 likely plays a critical role in the growthpromoting processes associated with muscle hypertrophy.
Regulation of p70S6K1 involves complex multisite phosphorylation of at least seven residues (19) (34) . Thus, it is presumed that mTORC1 is not responsible for phosphorylation of these sites. Both Thr 421 and Ser 424 are followed by a proline in the primary sequence of p70S6K1. A number of kinases phosphorylate serine or threonine residues when they are followed by a proline. Of the proline-directed kinases, the mitogen-activated protein kinases (MAPK) are of particular interest because they are present in skeletal muscle in multiple forms, including extracellular signal-regulated kinases (ERK)1 and -2, p38 MAPK, ERK5, big MAPK, and c-Jun NH 2 -terminal kinase (JNK) (24) . Moreover, resistance exercise activates MAPKs and induces inflammatory-mediated responses that contribute to physiological processes such as muscle hypertrophy, lipid metabolism, insulin sensitivity, and glucose homeostasis (22, 24, 35) .
The goal of the present study was to assess p70S6K1 phosphorylation in a model of skeletal muscle hypertrophy and to identify the kinase(s) responsible for the observed changes. We found that phosphorylation of the Thr 389 and Thr 421 /Ser 424 sites was enhanced within 24 h following functional overloading of the plantaris muscle (37) . Of significance, we present evidence that the mTOR and JNK signaling pathways coordinate in the site-specific phosphorylation of p70S6K during stimulation of cell growth. Specifically, both mTORC1 and JNK contribute to the phosphorylation of the p70S6K1 autoinhibitory domain at Thr 421 /Ser 424 , whereas mTORC2 inhibits the phosphorylation of this domain by JNK.
MATERIALS AND METHODS
Animal care and use. The Institutional Animal Care and Use Committee of The Pennsylvania State University College of Medicine approved the animal facilities and experimental procedures used in the present study. Adult male Sprague-Dawley rats (ϳ200 -260 g) were housed in temperature-and humidity-controlled holding facilities. Prior to the tenotomy procedure, animals were acclimated to a reversed 12:12-h light-dark cycle (lights off at 0700) for 1 wk. Rats were provided standard rodent chow (Harlan-Teklad 8604, Indianapolis, IN) and water ad libitum.
Experimental design of animal studies. One week prior to the experimental procedure, rats were provided standard rodent chow (Harlan-Teklad 8604) for a period of 3 h at the start of the dark cycle; water was provided ad libitum. On the day of the surgery (following the 3-h feeding period), rats were anesthetized with isoflurane (3%) supplemented with oxygen via nasal inhalation. Unilateral tenotomy was performed on each rat, as previously described (37) , by severing the tendons of the soleus and gastrocnemius muscles at the Achilles to induce overload of the plantaris muscle. As an internal control, a sham surgical procedure was performed on the contralateral leg of the animals that included all procedures performed on the tenotomized leg except that the gastrocnemius and soleus tendons were not severed. Stainless steel surgical staples (Mik Ran Precision) and Vet-Bond Tissue Adhesive (3M Animal Care Products, St. Paul, MN) were then applied to each wound following the tenotomy or sham operation. Animals were administered a subcutaneous injection of an analgesic (Buprenex, 0.03 mg/kg body mass) 12 h postsurgery. Twenty-four hours after the tenotomy intervention, animals were again anesthetized, and the plantaris muscle from each leg was excised for subsequent analysis. Where indicated, rats received SP600125 (50 mg/kg body mass) dissolved in N-methyl-2-pyrrolidone subcutaneously (Sigma Aldrich, St. Louis, MO) or a vehicle-only control 6 h prior to the harvesting of muscle tissue.
Cell culture. HEK-293E cells were seeded in 12-well Cell-Bind plates (Corning Cell Bind Surfaces, Corning, NY) or 100-mm culture dishes in DMEM supplemented with 10% FBS and 1% penicillinstreptomycin for 48 h. Inducible raptor (iRapKO) and rictor (iRicKO) knockdown mouse embryonic fibroblasts (MEF) were kindly provided by Dr. Michael N. Hall (University of Basel). Raptor and rictor knockdown was induced by daily treatment of cells with 1 M 4-hydroxytamoxifen (4-OHT) for 3 days prior to experimentation. Cells were serum deprived for 2 h, after which the following were added where indicated to the medium for 30 min: 10 nM TORIN2 (TOCRIS Bioscience), 10 M U0126 (Promega), 50 M SP600125 (Sigma-Aldrich), 10 M SB203580, 20 mM anisomycin (SigmaAldrich), or 100 nM rapamycin (Sigma-Aldrich). For cell culture experiments, all inhibitors were prepared in the vehicle dimethyl sulfoxide (DMSO). As a control, cells were treated with DMSO in the absence of inhibitors. Cells were then treated with 10 ng/ml IGF-I as indicated for 30 min and harvested in 1ϫ Laemmli sample buffer. Lysates were subjected to Western blot analysis as described in the next section. Where indicated, cell lysates were collected in Lambda phosphatase buffer containing 10 l/ml Sigma Protease Inhibitor Cocktail, pH 7.4, and centrifuged at 1,000 g for 3 min, as previously described (12) . Fifty microliters of the supernatant fraction was combined with 10 l of Lambda phosphatase (New England BioLabs) for 1 h at 30°C, and the dephosphorylated sample was subjected to Western blot analysis.
Western blot analysis. The plantaris was homogenized in 7 volumes of homogenization buffer consisting of 50 mM HEPES, pH 7.4, 0.1% Triton X-100, 4 mM EGTA, 10 mM EDTA, 15 mM sodium pyrophosphate, 100 mM ␤-glycerophosphate, and 25 mM sodium fluoride, as previously described (25) . The homogenate was centrifuged at 2,000 g for 3 min at 4°C, and the resulting supernatant was combined with an equal volume of 2ϫ Laemmli sample buffer. Muscle supernatant fractions and cell culture lysates were evaluated by Western blot analysis with primary antibodies that recognize the following proteins when they are phosphorylated on the specified residues: p70S6K1 Thr 421 Statistical analysis. Data are presented as means Ϯ SE. One-or two-way ANOVA was used to compare differences among groups. When statistically significant differences (P Ͻ 0.05) were observed by ANOVA, a Student's t-test was performed post hoc. 389 and Thr 421 /Ser 424 sites on p70S6K1. Phosphorylation of p70S6K1 at the Thr 389 site in the plantaris muscle of animals that underwent tenotomy was enhanced to 327% of the contralateral limb (Fig. 1, A and B) . Similarly, phosphorylation of p70S6K1 at the Thr 421 /Ser 424 sites in the plantaris muscle of animals that underwent tenotomy was enhanced to 316% compared with the plantaris the contralateral limb ( Fig. 1 ing pathways under pro-growth conditions. Cells were initially treated with rapamycin, which inhibits mTORC1, or TORIN2, which inhibits both mTORC1 and mTORC2. Following serum deprivation, phosphorylation of p70S6K1 on Thr 389 , an mTORC1-dependent site, and phosphorylation of Akt on Ser 473 , a site that is directly phosphorylated by mTORC2, were undetectable ( Fig. 2A) . However, when cells were administered the growth factor IGF-I, phosphorylation of both proteins was enhanced ( Fig. 2A) . In contrast to Thr 389 , phosphorylation of p70S6K1 at the Thr 421 /Ser 424 sites was still detected in cells following serum deprivation, but, similarly to Thr 389 , IGF-I administration intensified phosphorylation of these sites by 242% compared with untreated cells (Fig. 2B) . Administration of rapamycin prior to IGF-I administration had no effect on IGF-I-induced phosphorylation of Akt at Ser 473 ; however, phosphorylation of p70S6K1 at the Thr 389 site was blocked completely (Fig. 2A) . To a large extent, rapamycin also prevented the IGF-I-induced elevation in phosphorylation of the Thr 421 /Ser 424 sites, as the hormone stimulated phosphorylation of these sites by only 52% in the presence of the inhibitor ( Fig.  2A) . Treatment of the cells with TORIN2 prevented the IGF-I-induced stimulation of both p70S6K1 Thr 389 and Akt Ser 473 phosphorylation ( Fig. 2A) . Surprisingly, during serum deprivation, treatment with TORIN2 enhanced phosphorylation of p70S6K1 at the Thr 421 /Ser 424 sites by 192% compared with untreated cells, and IGF-I stimulation did not further enhance phosphorylation of these sites (Fig. 2B) . Thus, phosphorylation of p70S6K1 at the Thr 421 /Ser 424 sites can occur through a rapamycin-insensitive mechanism; however, mTORC1 does appear to mediate the IGF-I-mediated enhancement in phosphorylation of these sites. 
RESULTS

Tenotomy enhances phosphorylation of both the Thr
Inhibition of JNK attenuates phosphorylation of p70S6K1.
The Thr 421 and Ser 424 residues are both followed by a proline in the primary sequence of p70S6K1, suggesting the possible involvement of a MAPK in the phosphorylation of one or both sites. Indeed, enhanced phosphorylation of both JNK (178 Ϯ 19%, P Ͻ 0.05, n ϭ 7) and ERK1/2 (82 Ϯ 31%, P Ͻ 0.05, n ϭ 7) was observed in the plantaris muscle of animals that underwent tenotomy compared with the plantaris of the contralateral limb, and there was a trend toward enhanced phosphorylation of p38 (46 Ϯ 24%, P ϭ 0.07, n ϭ 7). To further assess the possible role of a MAPK in mediating phosphorylation of the Thr 421 and Ser 424 sites, cells were serum deprived and IGF-I treated in the presence of the MAPK inhibitors U0126 (MEK inhibitor), SP600125 (JNK inhibitor), and SB203580 (p38 inhibitor). As expected, p70S6K1 phosphorylation at the Thr 389 and Thr 421 /Ser 424 sites was low in cells incubated in serum-free medium and was enhanced by the addition of IGF-I (Fig. 3A) 3D ), it did not enhance c-Jun phosphorylation at Ser 63 (Fig.  3C) . The IGF-I-mediated enhancement of p70S6K1 phosphorylation at Thr 389 was observed in the presence of all three MAPK inhibitors; however, SP600125 caused a slight, but significant, attenuation of hormone-induced Thr 389 phosphorylation compared with vehicle (Fig. 3E) . Importantly, treatment with SP600125, but not SB203580 or U0126, repressed p70S6K1 phosphorylation at the Thr 421 /Ser 424 sites by 42% during serum deprivation (Fig. 3F) . Moreover, neither U0126 nor SB203580 treatment altered p70S6K1 phosphorylation at the Thr 421 /Ser 424 sites in response to IGF-I, whereas in cells treated with SP600125 the magnitude of the IGF-I-induced increase was attenuated by 38% (Fig. 3F) TORIN2 under the conditions described above. As previously observed, TORIN2 treatment prevented, whereas the addition of SP600125 diminished, the IGF-I-mediated enhancement in phosphorylation of p70S6K1 at the Thr 389 site (Fig. 3G) . Remarkably, TORIN2 treatment produced a significant increase in phosphorylation of c-Jun at Ser 63 , suggesting that inhibition of mTOR serves to activate JNK (Fig. 3C) . Treatment with TORIN2 also enhanced phosphorylation of the Thr 421 /Ser 424 sites upon serum deprivation, an effect that was blocked by the combined treatment with SP600125 (Fig. 3H) . Furthermore, whereas IGF-I treatment enhanced the phosphorylation of the Thr 421 /Ser 424 sites in the presence SP600125, the combined treatment with TORIN2 prevented this effect (Fig.  3H ), as only a weak signal for Thr 421 /Ser 424 phosphorylation was detected by Western blot analysis. We initially thought this weak antigenicity might be due to fidelity of the phosphoantibody (i.e., a weak interaction with p70S6K1 in the absence of Thr 421 /Ser 424 phosphorylation), however, no signal was detected following treatment with Lambda phosphatase (Fig.  3I) . Importantly, SP600125 did not completely ablate c-Jun Ser 63 phosphorylation; thus, the possibility existed that the inhibitor did not completely block JNK activation (5). Alternatively, another MAPK, such as p38, could also be responsible for the observed phosphorylation of c-Jun at Ser 63 in the presence of SP600125, given that p38 and JNK share similar downstream substrates (22) .
Activation of JNK enhances p70S6K1 phosphorylation. To further investigate the role of JNK in promoting phosphorylation of p70S6K1, cells were treated with anisomycin (a potent activator of JNK), TORIN2, SP600125, or a combination thereof following 2 h of serum deprivation and addition of IGF-I for 30 min. IGF-I was sufficient to enhance phosphorylation of p70S6K1 at the Thr 389 site in all experimental conditions except when cells were treated with TORIN2, confirming its ability to inhibit mTORC1 without regard for the activation status of JNK (Fig. 4A) . In the absence of anisomycin, phosphorylation of c-Jun at Ser 63 was not observed; however, when cells were treated with anisomycin, phosphorylation of this site was enhanced (Fig. 4A) . Treatment with TORIN2 further enhanced c-Jun Ser 63 phosphorylation in the presence of anisomycin, suggesting that inhibition of mTOR promotes JNK kinase activity ( Fig. 4A; compare lanes 5-8  with lanes 13-16) . Most strikingly, anisomycin treatment stimulated phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1 by 571% under the serum-deprived condition, which was further enhanced in response to IGF-I treatment (Fig. 4B) . Furthermore, SP600125 treatment attenuated the phosphorylation of p70S6K1 at the Thr 421 /Ser 424 sites induced by anisomycin administration. Notably, combined treatment with both TORIN2 and SP600125 was additive in suppressing the anisomycin-IGF-I-induced stimulation of p70S6K1 phosphorylation at the Thr 421 /Ser 424 sites (Fig. 4B) , further suggesting that both mTOR and JNK target these sites.
Knockdown of raptor, but not rictor, attenuates phosphorylation of p70S6K1 at the Thr
421 /Ser 424 sites. Two previously described MEF cell lines (10), iRapKO and iRicKO, were used to evaluate the role of mTORC1 and mTORC2 in phosphorylation of the Thr 421 /Ser 424 sites. Raptor and rictor knockdown was induced in iRapKO and iRicKO MEF, respectively, by treating cells with 4-OHT (Fig. 4, A and B) . To further (Fig. 5, A and C) . Remarkably, rictor knockdown enhanced phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1 in response to IGF-I (Fig.  5, B and C) . Specifically, IGF-I-induced phosphorylation of these sites was repressed by 46% in iRapKO cells and enhanced by 33% in iRicKO cells compared with control cells (Fig. 5C) . Notably, phosphorylation of both JNK at the Thr 183 / Tyr 185 sites and c-Jun at Ser 63 were enhanced by both raptor and rictor knockdown, and these effects were repressed by SP600125 (Fig. 5, A, B, and D) . Importantly, rictor knockdown failed to enhance phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1 in the presence of SP600125 (Fig. 5, C and D) . Overall, these findings are consistent with a model (Fig. 6 ) where mTORC1 promotes and mTORC2 represses the phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1. Functional overload enhances JNK phosphorylation. To confirm an in vivo role of JNK in the phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1, rats were administered SP610025 at a time point that was both 24 h after functional overloading (tenotomy) and 6 h prior to tissue harvest. In agreement with the results shown in Fig. 1 , phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1 in the plantaris muscle was enhanced by tenotomy to 212% of that observed in a contralateral sham operated limb (Fig. 7, A and B) . Notably, tenotomy also induced phosphorylation of JNK at Thr 183 /Tyr 185 (Fig. 7, A and C) . In rats treated with SP600125, phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1 was attenuated by 51% in muscle from the leg subjected to the sham operation compared with a 30% attenuation following tenotomy (Fig. 7A) . Remarkably, the change in phosphorylation of the Thr 421 /Ser 424 sites was mirrored by a similar attenuation of JNK phosphorylation at Thr 183 /Tyr 185 : 45% reduction in muscle from the sham leg and 31% reduction upon tenotomy. Taken together, these data support the conclusion that JNK contributes to the phosphorylation of the Thr 421 /Ser 424 sites on p70S6K1 in response to functional overload. Furthermore, inhibition of JNK with SP600125 significantly attenuated phosphorylation of p70S6K1 on Thr 389 (Fig. 7, A and D) . 
DISCUSSION
In male Sprague-Dawley rats, functional overload of the plantaris muscle resulted in enhanced phosphorylation of both the Thr 389 and Thr 421 /Ser 424 sites on p70S6K1. While it is well established that activation of mTORC1 is responsible for phosphorylation of the Thr 389 site, the results of the present study show that both mTORC1 and JNK act to coordinate the phosphorylation of the p70S6K1 autoinhibitory domain at the Thr 421 /Ser 424 sites. A limitation of the present study and others is that commercially available antibodies do not distinguish between phosphorylation of the Thr 421 and Ser 424 sites; thus, it is not possible to be certain whether a given kinase targets one or the other or both sites. Another limitation is the unavailability of a specific chemical inhibitor of JNK. Although SP600125 is the most selective inhibitor of JNK available, it also has off-target effects, including inhibition of p70S6K1 as effectively as it does JNK (3). This limitation precluded attempts to demonstrate a role for JNK in signaling downstream of p70S6K1.
Over 20 years ago, it was established that proline-directed mitogen-regulated MAPKs act to phosphorylate a 37-residue peptide with a sequence corresponding to the autoinhibitory domain of p70S6K1 in vitro (30); however, whether or not MAP kinases phosphorylate the native protein in a physiological setting remained unresolved. During preparation of this paper, Zhang et al. (38) reported that JNK not only phosphorylates recombinant p70S6K1 in vitro, but that TNF-␣ induced phosphorylation of p70S6K1, as assessed employing the same antiphospho-p70S6K1 Thr 421 /Ser 424 antibody used in the present study, was inhibited by either SP600125 or JNK knockout in cells in culture. Importantly, neither JNK knockout nor SP600125 completely ablated phosphorylation of p70S6K1, suggesting that another kinase also participates in phosphorylation of one or more of these sites. The data presented herein extend the previous study (38) by demonstrating that JNK contributes to p70S6K1 phosphorylation at the Thr 421 /Ser 424 sites in a physiologically relevant model (i.e., muscle hypertrophy) and establishes that mTORC1 also participates in phosphorylation of these sites. Coordinating roles for mTORC1 and JNK in p70S6K1 phosphorylation is particularly appealing, given that both are activated in muscle in response to resistance exercise and that p70S6K1 is a pro-growth kinase (24, 28, 35) . Phosphorylation of the p70S6K1 autoinhibitory domain plays a vital role in altering the kinase's bilobal confirmation and allowing mTORC1 and PDK1 access to the hydrophobic motif and activation loop, respectively (32) (15) but is insufficient for maximal activation of p70S6K1, as the resulting D 3 E mutant exhibits mitogen responsiveness (9) and rapamycin sensitivity (15) . Furthermore, alanine substitution of all four sites produces a fivefold reduction in S6K1 activity (15) , suggesting a significant contribution of autoinhibitory domain phosphorylation to p70S6K1 activation.
Schalm et al. (34) . This finding could also be explained if mTORC1 and mTORC2 activate distinct isoforms of JNK and only certain JNK isoforms can phosphorylate p70S6K1, or if JNK needs to be present in a specific scaffolding complex to target p70S6K1 and only mTORC2 signals to that complex. p70S6K1 is involved in numerous processes within the cell that promote cellular proliferation and hypertrophy in part through increased synthesis of the machinery required for translation (28) . Acute resistance exercise training significantly enhances phosphorylation of p70S6K1, and importantly, the phosphorylation status of this kinase following a single bout of resistance exercise directly correlates with the magnitude of muscle hypertrophy obtained after chronic resistance exercise (2) . High-intensity exercise protocols and those associated with muscle damage also induce activation of the JNK signaling pathway (1) . Based on the findings of the present and previous studies (38) , JNK activation would promote phosphorylation of the COOH-terminal tail of p70S6K1. Thus, it is likely that the coordinated JNK/mTORC1-mediated phosphorylation of p70S6K1 at the Thr 421 /Ser 424 sites acts to increase the availability of the final two phosphorylation sites on p70S6K1 (Thr 389 and Thr 229 ) to promote full kinase activity and maximal muscle growth. Therefore, JNK activation may play a pivotal role in the magnitude of skeletal muscle hypertrophy following resistance exercise.
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